and vice versa at a low rate (1, 2). The functions of the eRF3 protein in translation termination and prion propagation are easily separated. The N-terminal domain of eRF3 is required for prion propagation (7, 8) . Point mutations in, or deletion of, the N-terminal domain disrupt the prion propagation function of yeast eRF3, and the N-terminal domain by itself is sufficient for prion propagation (3, 7, 9) . The translation termination function of eRF3 requires the well conserved C-terminal domain. Deletion of the C-terminal domain is lethal, presumably because of defects in translation termination, and point mutations in the C-terminal domain reduce translation termination efficiency (9). Thus, the prion property of eRF3 is a property of the N-terminal domain, whereas the C-terminal domain is required for translation termination.
state is a heritable characteristic of yeast that shares key characteristics with prions (reviewed in refs. [1] [2] [3] [4] . eRF3 is one of two key factors that function in the termination of translation at stop codons (5, 6) . In [psi Ϫ ] cells the eRF3 protein is in a conformation that is functional in translation termination, which occurs efficiently. In contrast, in [PSI ϩ ] cells the majority of eRF3 is in an altered conformation, and [PSI ϩ ] cells have a reduced efficiency of translation termination (3, 4) . Both the [PSI ϩ ] and [psi Ϫ ] states are relatively stable, because the preexisting prion form of eRF3 is needed to efficiently convert eRF3 to the prion form. However, the stability is not absolute, and [PSI ϩ ] cells convert to [ psi Ϫ ] and vice versa at a low rate (1, 2) . The functions of the eRF3 protein in translation termination and prion propagation are easily separated. The N-terminal domain of eRF3 is required for prion propagation (7, 8) . Point mutations in, or deletion of, the N-terminal domain disrupt the prion propagation function of yeast eRF3, and the N-terminal domain by itself is sufficient for prion propagation (3, 7, 9) . The translation termination function of eRF3 requires the well conserved C-terminal domain. Deletion of the C-terminal domain is lethal, presumably because of defects in translation termination, and point mutations in the C-terminal domain reduce translation termination efficiency (9) . Thus, the prion property of eRF3 is a property of the N-terminal domain, whereas the C-terminal domain is required for translation termination.
The ability of eRF3 to exist in [PSI ϩ ] and [psi Ϫ ] states has been conserved during evolution and is present in the eRF3 proteins of several species and genera of yeast (10) (11) (12) (13) (14) . The fact that [PSI ϩ ] has been conserved during evolution but that mutations that disrupt it can easily be isolated suggests that there is some evolutionary advantage to [PSI ϩ ].
True and Lindquist (15) showed that [PSI ϩ ] and [psi Ϫ ] strains of the same genotype have many different growth phenotypes, and that the specific phenotypic effects of [PSI ϩ ] depend on the genetic background of the strain used. Most, if not all, of these phenotypic effects are caused by differences in translation termination efficiency, rather than some other effect of PSI state (16) . Based on these observations, it has been suggested that the ability to convert from [ (16) .
Two lines of evidence suggest that [PSI ϩ ] affects translation termination not only at premature stop codons, but also at wild-type stop codons naturally found at the 3Ј end of coding regions. First, the frequency of extra stop codons just 3Ј of the normal stop codon of yeast genes is higher than expected, suggesting that read-through of the normal stop codons occurs at a frequency that is a significant factor over evolutionary time (19) . Second, Namy et al. (20) identified eight genes that had a poor stop codon context. In an artificial reporter gene, translation termination at these stop codon contexts was affected by [PSI ϩ ]. Thus, [PSI ϩ ] might affect phenotypic variation by promoting read-through of normal stop codons (16) (17) (18) 20) .
In addition to PSI directly affecting translation termination of premature and͞or normal stop codons, there may be indirect effects on mRNA stability because translation termination and mRNA stability are intimately linked (16) . Two aspects of this link are nonsense-mediated mRNA decay and nonstop mRNA decay. Nonsense-mediated mRNA decay is the process of rapidly degrading mRNAs that contain a premature stop codon (reviewed in ref. 21) . It is thought that nonsense-containing mRNAs are recognized as a consequence of premature translation termination. Because [PSI ϩ ] affects the efficiency of translation termination, it may also affect nonsense-mediated mRNA decay. Nonstop mRNA decay is the process of degrading mRNAs that do not contain stop codons (22, 23 
Materials and Methods
Strains. The genotypes of the used strains are listed in Table 1 . By sequencing we demonstrated that ade2-1 is a premature UAA codon at codon 64, and can1-100 contains a premature UAA stop codon at codon 47 (24) .
To ensure that the various strains were completely isogenic, we created various deletions in this [ ] is usually monitored by failure to grow on synthetic complete medium (SC) lacking adenine (ADE), but this phenotype is modified by the upf1⌬ and ski7⌬ mutations used in this study (see below). The prion-forming N domain was precisely deleted, using the pop-in, pop-out method with HindIII-cut pAv208, which is a pRS306 derivative that contains the promoter and M domain of the eRF3 gene of strain 5V-H19A (25, 26) .
Alternatively, yAV603 and yAV621 were converted to [psi Ϫ ] strains yAV831 and yAV833 by growing them on yeast extract͞ peptone͞dextrose (YPD) plus 5 mM guanidium hydrochloride, and identifying [psi Ϫ ] variants by their slower growth on SC lacking ADE and faster growth on complete supplement mixture medium lacking arginine and containing canavanine.
Media and Growth. Media were prepared as described in refs. 15 and 27. To test growth on various media, strains were grown in YPD at 30°C, serially diluted in 5-fold steps, plated on various media, and incubated at 30°C with growth monitored daily for up to 14 days.
Northern Blot Analysis. Strains were grown in YPD at 30°C to early to middle log phase. ADE2 RNA was analyzed by using Northern blot, probe oAV92 (tcactggcttgttccacagggacactttgg), and a Storm imager (Molecular Dynamics). mRNA levels were corrected for loading by using oRP100 (gtctagccgcgaggaagg), which detect the signal recognition particle RNA. PGK1pG mRNA was detected by using probe oRP140 after transformation with plasmid pRP469 and growth in SC-URA containing 2% galactose and 2% sucrose (28) .
Results

[PSI ؉ ] and Premature Stop Codons.
Previous results suggest that one mechanism by which [PSI ϩ ] affects phenotype is by allowing read-through of premature stop codons (16) . To further test this hypothesis, we first compared the phenotype of a [PSI ϩ ] strain to the phenotype caused by another method of suppressing premature stop codons. Many mutations can suppress premature stop codons (e.g., sup35, sup45, and suppressor tRNAs), but most of these are also expected to cause read-through at normal stop codons and are not useful for distinguishing the contribution of read-through at premature versus normal stop codons. In contrast, Upf1p appears to specifically recognize mRNAs containing premature stop codons. Upf1p recognition of an mRNA containing a premature stop codon has been reported to have a variety of effects in vivo. One major effect is to specifically stabilize such mRNAs (29) . Upf1p may also specifically alter translation termination or translation initiation on these mRNAs (24, (30) (31) (32) (33) . The net effect of upf1⌬ is a suppression of the phenotype of premature stop codons. These in vivo data are supported by the recent demonstration that in in vitro translation extracts the fate of the ribosome is different at premature stop codons as compared with normal stop codons, and that this difference depends on Upf1p (33 Fig. 3A shows that the [PSI ϩ ] strain grows slower when using glutamine as a nitrogen source (compare first and third rows), but upf1⌬ has no effect on growth under this condition (compare third and fourth rows). Similar results were seen for growth using serine, threonine, proline, ornithine, or glutamate as nitrogen sources and growth in the presence of ZnCl 2 (shown in Fig. 5 , which is published as supporting information on the PNAS web site). In each of these cases, [ Fig. 3 A and B) . Instead, we observed that ski7⌬ increased ade2-1 expression in the [PSI ϩ ] state (Fig. 3A , first and second rows) but not in the [psi Ϫ ] state (Fig. 3A , third and fourth rows). One possible explanation is that [PSI ϩ ] causes readthrough of all in-frame stop codons in ade2-1, which triggers nonstop mRNA decay. The ski7⌬ would block nonstop decay and would result in increased ade2-1 mRNA levels. Conversely, in a [psi Ϫ ] strain the ribosome would not reach the 3Ј end of the ade2-1 mRNA, and ski7⌬ would have no effect. We did not see a similar effect on can1-100 expression (as measured by canavanine sensitivity; Fig. 3B ). However, the genetic interaction between [PSI ϩ ] and ski7⌬ for the expression of ade2-1 suggests that alterations in nonstop mRNA decay could be important for [PSI ϩ ]-induced phenotypic variation.
To further test for a genetic interaction between [PSI ϩ ] and nonstop decay, we analyzed the effect of other mutations that inhibit nonstop decay. Ski2p, Ski3p, and Ski8p form a heterotrimeric complex that interacts with Ski7p and is required for nonstop decay (23, 34, 35) . We therefore deleted the genes for each of these proteins from the [PSI ϩ ] strain and analyzed their effect on ade2-1 expression. Fig. 3C shows that each of these deletions increases ade2-1 expression. Finally, we deleted just the C-terminal domain of Ski7p. This domain is specifically required for nonstop decay and likely functions in the recognition of ribosomes that have reached the 3Ј end of an mRNA (23) . Importantly, this ski7-⌬C mutation also results in increased expression of ade2-1 (Fig. 3D) . Thus, analyses of growth phenotype indicate that [PSI ϩ ] genetically interacts with the nonstop mRNA decay pathway to alter ade2-1 expression.
To confirm that the observed growth phenotypes on SC-ADE indeed reflected ade2-1 expression, we analyzed the ade2-1 mRNA by Northern blotting. Fig. 3E shows that the ade2-1 mRNA level is increased by the upf1⌬ in either the [PSI ϩ ] or [psi Ϫ ] background. This finding is consistent with the increase in growth seen on SC-ADE in Fig. 2 A. As expected from the growth phenotype, ski7⌬ resulted in an increase in ade2-1 mRNA levels in the [PSI ϩ ] state but had no detectable effect in the [psi Ϫ ] state (Fig. 3E) . This result is consistent with our interpretation that the [PSI ϩ ] state triggers nonstop mRNA degradation of the ade2-1 mRNA.
The results above were obtained by using a [psi Ϫ ] strain that is lacking the prion-forming N terminus of eRF3. Our data therefore indicate that the N terminus of eRF3 genetically interacts with nonstop decay. The most likely explanation is that the [PSI ϩ ] prion form of the N terminus of eRF3 triggers nonstop decay. Alternatively, the N terminus of eRF3 can physically interact with several other proteins, and one of these physical interactions may be responsible for the genetic interaction with the nonstop mRNA decay pathway (36, 37 (1, 2) . Fig. 3F shows that strains that contain the N terminus of eRF3 in the [psi Ϫ ] conformation have the same phenotype as strains missing the prion-forming domain of eRF3. Therefore, we conclude that [PSI ϩ ], and not some other feature of the N terminus of eRF3, genetically interacts with nonstop mRNA decay.
The results above suggest that the [PSI ϩ ] state could trigger read-through of all stop codons in some other mRNAs and thereby reduce their levels in a manner dependent on nonstop decay. To test this prediction, we examined the steady state levels of several other mRNAs in [PSI ϩ ] and [psi Ϫ ] strains, with or without a functional nonstop decay system. We found no significant differences in the levels of the RPS15 or RPL25 mRNAs. Strikingly, we observed that the [PSI ϩ ] state showed 2-fold reduced levels of the PGK1pG mRNA and that, in a [PSI ϩ ] ski7⌬ strain, the mRNA level was increased (Table 2) . This result provides additional evidence that the [PSI ϩ ] state can trigger nonstop decay of mRNAs that contain a stop codon. Most importantly, the conclusion that [PSI ϩ ] can trigger decay of mRNAs that contain stop codons in a process that is indistinguishable from nonstop mRNA decay raises the possibility that some of the phenotypic variation caused by [ pairs. This genetic interaction affects the expression of ade2-1 and growth under 9 of 16 conditions tested. It is unclear whether these nine phenotypes reflect read-through events on different mRNAs, or whether several of these phenotypes are caused by the same read-through event of the same mRNA. In either case, a simple explanation for this interaction is that [PSI ϩ ] causes readthrough of normal stop codons and any other stop codons in the 3Ј UTR. Such read-through would cause a ribosome to reach the very 3Ј end of the mRNA and would trigger nonstop mRNA decay (22, 23) . This possibility is supported by the observation that [PSI ϩ ] leads to a Ski7p-dependent reduction in the levels of the PGK1 and ade2-1 mRNAs (Fig. 3 and Table 2 ). Because yeast 3Ј UTRs are relatively short, with many shorter than 100 nt, the ribosome would only have to read through one or two additional stop codons in the 3Ј UTR to reach the 3Ј end of such mRNAs (38) . Thus, [PSI ϩ ] may trigger some degree of nonstop mRNA decay on a variety of different mRNAs.
The ability of [PSI ϩ ] to induce nonstop mRNA decay of specific mRNAs is affected by several factors. One likely factor is the identity and sequence context of the stop codons, which can affect the degree of suppression by [PSI ϩ ] (16). Another likely contributor is the number and type of in-frame stop codons within the 3Ј UTR. These additional factors may explain why the ade2-1 allele is affected strongly by [PSI ϩ ] ski7⌬, whereas the can1-100 allele is less affected. In the ade2-1 mRNA, the premature stop codon, the normal stop codon, and the next stop codon in the 3Ј UTR are all UAA codons. In contrast, the can1-100 mRNA contains a UAA premature stop codon, a UAG at the end of the natural ORF, and a UGA in the 3Ј UTR. Although the read-through frequency of these stop codons within ade2-1 and can1-100 is unknown, the read-through frequency of UAA, UAG, and UGA codons in the [PSI ϩ ] 5V-H19A strain has been measured (16) . Using these frequencies, the combination of the normal UAG codon and UGA at ϩ2 in can1-100 is expected to be read through 33 times less efficiently than the combination of the normal UAA codon and the UAA codon at ϩ12 in ade2-1. This analysis suggests that one possible reason for the difference in effects of ski7⌬ may be that the combination of stop codons in ade2-1 is read through more efficiently than that in can1-100, and thus the ribosome is more likely to reach the 3Ј end of the ade2-1 mRNA. This interpretation implies that the ability of [PSI ϩ ] to read through normal stop codons and͞or trigger nonstop mRNA decay on individual mRNAs will vary significantly.
Significance of Read-Through of Normal Stops and Nonstop mRNA
Decay for [PSI ؉ ]-Induced Phenotypes. We can envision two possible mechanisms by which translation past the normal stop codon and into the 3Ј UTR may affect the phenotype. First, translation all of the way through the 3ЈUTR should trigger nonstop mRNA decay and thereby reduce the level of protein that can be made from that mRNA by subsequent rounds of translation. This mechanism is inconsistent with our findings, because it predicts that [PSI ϩ ] and [psi Ϫ ] phenotypes are the same in a strain that is incapable of nonstop mRNA decay (e.g., ski7⌬). Thus, triggering nonstop decay per se is not a main mechanism that explains the phenotypic consequences of [PSI ϩ ] that we observe. In an alternative model, translation into the 3Ј UTR produces C-terminally extended proteins. Our observation that ski7⌬ enhances [PSI ϩ ] phenotypes is consistent with this hypothesis, because ski7⌬ would increase the level of target mRNAs and, in turn, increase production of the C-terminally extended proteins encoded by that mRNA. A corollary of this interpretation is that the C-terminally extended proteins are functional and actively contribute to the phenotype of [PSI ϩ ] strains. 
